Abstract: The future release of 'Balance GT' soybean, which is resistant to isoxaflutole and glyphosate, opens up the possibility for control of glyphosate-resistant (GR) Canada fleabane using HPPD-inhibiting herbicides (Group 27) in soybean. Field trials were conducted over two years to evaluate the dose response of an isoxaflutole plus metribuzin tank mix, as well as each chemical applied alone, to assess their response using Flint's adaptation of Colby's equation. Factorial experiments were performed in growth room and greenhouse environments to assess isoxaflutole versus glyphosate, isoxaflutole versus metribuzin, and isoxaflutole plus metribuzin versus glyphosate. Tank mixes of isoxaflutole plus metribuzin in a 1:4 ratio provided 80% control of GR Canada fleabane at a dose range between 420 (84 + 336) and 611 (122 + 489) g a.i. ha 1 at 8 WAA (weeks after application). Tank mixes achieved an 80% reduction in biomass at a dose range between 498 and 738 g a.i. ha 1 , while 80% reduction in density was obtained with doses from 96 to 423 g a.i. ha 1 , 8 WAA. With glyphosate as a constant tank partner, field treatments of isoxaflutole plus metribuzin were mostly synergistic with some analyses showing an additive response. When tested in the growth room, isoxaflutole plus glyphosate tank mixes indicate additivity in the majority of treatments on glyphosate-susceptible (GS) fleabane.
Introduction
Canada fleabane [Conyza canadensis (L.) Cronq.], also known as horseweed or marestail, is a summer annual or winter annual dicotyledonous weed (Weaver 2001; Davis and Johnson 2008) . It can be found in all Canadian provinces with the exception of Newfoundland. It is common to find Canada fleabane growing in agricultural fields, orchards, urban areas and along roadsides and ditches (Frankton and Mulligan 1987; Weaver 2001) .
Canada fleabane can produce up to one million achenes (seeds) per individual in a non-competitive environment (Kruger et al. 2010) . The achenes are very small (1 to 2 mm) with a pappus (3 to 5 mm) that aids in wind dispersal (Weaver 2001) . Seedlings emerging in the autumn form a rosette, which overwinter before resuming their growth and bolting the following spring. Spring germinating seedlings do not form a rosette and the stem begins to elongate shortly after emergence (Frankton and Mulligan 1987; Buhler and Owen 1997) . Canada fleabane can germinate and emerge in all months of the year if the base temperature (8-9.5°C in Ontario) is exceeded as it has little inherent dormancy (Weaver 2001; Tozzi and Van Acker 2014) .
The extended germination and emergence pattern of this weed makes control difficult in reduced or notill soybean (Buhler and Owen 1997; Davis et al. 2009 ). Canada fleabane that emerges in the fall is very competitive with spring seeded summer annual crops such as soybean (Bruce and Kells 1990) . In contrast, Canada fleabane that emerges late in the spring may miss the initial burndown application in a no-till cropping system and would require the use of a residual herbicide or late POST in-crop herbicides.
Conventionally, herbicides best provided control of Canada fleabane if they were applied PRE on soybean while control is suboptimal with POST applications (Buhler and Owen 1997; Davis et al. 2007) . Glyphosate is widely used as a preplant herbicide for control of emerged annual, biennial, and perennial weeds (VanGessel 2001; Boerboom and Owen 2006) including Canada fleabane. Glyphosate at 900 and 1800 g a.e. ha 1 provided close to 100% control of Canada fleabane in Ontario (Tardif and Smith 2003) when applied PRE. The widespread adoption of glyphosate-resistant crops facilitated flexible weed control timing with in-crop applications of glyphosate (Gustafson 2008) . However, this has increased selection pressure for the development of glyphosate-resistant (GR) weed species including GR Canada fleabane (VanGessel 2001; Boerboom and Owen 2006) . In 2010 and 2011, multiple Ontario populations survived glyphosate applied at 900 g a.e. ha 1 ,
showing the presence of glyphosate-resistant populations (Byker et al. 2013a ). As of 2014, there were 28 counties in Ontario with GR Canada fleabane, stretching from Essex County in the southwest to Glengarry County adjacent to the Quebec border. Clearly, the presence of GR Canada fleabane requires additional herbicides for its control. Control of GR Canada fleabane can be attained with a range of alternative herbicides. For example, adding saflufenacil or saflufenacil/dimethenamid-p to glyphosate applied PRE gave 87 to 100% control of GR Canada fleabane (Byker et al. 2013b) . Similar results were obtained with glyphosate in combination with metribuzin (1120 g a.i. ha 1 ) applied preplant. Glyphosate plus 2,4-D at 700 to 860 g a.e. ha 1 provided 95 to 100%
Canada fleabane control (Keeling et al. 1989; Eubank et al. 2008) . Canada fleabane control is enhanced with the addition of a tankmix partner with glyphosate. 'Balance GT' soybean is a new herbicide-resistant soybean developed by Bayer CropScience and MS Technologies. This soybean contains traits that confer resistance to commercial products containing the active ingredients glyphosate and isoxaflutole, an inhibitor of 4-hydroxyphenylpyruvate dioxygenase (HPPD). Although glyphosate is already commonly used in soybean production, 'Balance GT' soybean will provide the opportunity of residual weed control from isoxaflutole. It is therefore expected that the combination of glyphosate and isoxaflutole would provide excellent control of Canada fleabane. However, in cases where GR Canada fleabane is present, the action of glyphosate would be negated and isoxaflutole may not have enough activity on its own to provide adequate control of GR Canada fleabane. Adding another herbicide to the glyphosate/isoxaflutole combination could therefore be advantageous.
Herbicides used in combination often exhibit activity that is different from what can be expected of each product individually. While in most cases, simple additive action is observed, in others synergism or antagonism is possible. Synergism, as it relates to herbicide combinations, is when the control from the herbicides combined is greater than the expected control based on each herbicide applied separately (Colby 1967) . When observed control of a tank mix is less than what would be expected based on the herbicides applied separately, it is considered antagonism. An additive response is when the observed control of a tank mix is equal to what would be expected based on the herbicides applies separately.
For example, photosysem II inhibitors belonging to the triazine group have synergistic activity when applied with HPPD inhibitors such as isoxaflutole (Hugie et al. 2008; Woodyard et al. 2009 ). The triazine, metribuzin, is registered for use in soybean and its addition to the glyphosate/isoxaflutole combination could potentially allow better control of GR Canada fleabane due to possible synergy with isoxaflutole.
Therefore, the objectives of this study were (i) to determine the control of GR Canada fleabane with isoxaflutole, metribuzin, and isoxaflutole plus metribuzin in both greenhouse and field studies, and (ii) to ascertain if the control of GR Canada fleabane with isoxaflutole plus metribuzin is antagonistic, additive, or synergistic.
Materials and Methods

Field trials
Five field trials were conducted over a two-year period (2013, 2014) at five different locations in southwestern Ontario with confirmed GR Canada fleabane (Table 1) . Experiments were arranged in a randomized complete block design with four replicates. Plots were 2 m wide by 8 m long. The herbicides were applied early in the spring before soybean seeding when the Canada fleabane was up to 10 cm in diameter or up to 10 cm in height. Due to the unavailability of 'Balance GT' soybean, no crop was seeded in the field experiments. The herbicides were applied with a CO 2 -pressurized backpack sprayer calibrated to apply 200 L ha 1 at 240 kPa. The spray boom was 1.5 m wide with four ultralow drift nozzles (ULD120-02, Hypro, New Brighton, MN) spaced 50 cm apart. Weedy and weed free controls were included in each replicate of each experiment. The weedy control was sprayed with glyphosate (900 g a.e. ha 1 ) to remove all other weed species with the exception of the GR Canada fleabane. The weed-free control was sprayed with glyphosate (900 g a. The isoxaflutole plus metribuzin treatments represent a 1:4 ratio of active ingredients (1 part isoxaflutole to 4 parts metribuzin). For comparison, the commercial treatments of saflufenacil, flumetsulam, and metribuzin at 25, 70, and 1120 g a.i. ha 1 , respectively, were also included in the experiment. Canada fleabane control was visually estimated on a scale of 0% (no control) to 100% (complete plant death) at 4 and 8 weeks after application (WAA). Canada fleabane density per square metre was counted in two 0.25 m 2 quadrats per plot at the time of herbicide application and at 4 and 8 WAA. At 8 WAA, Canada fleabane plants were counted and cut at the soil surface from two 0.25 m 2 quadrats per plot. Plant biomass was dried at 60°C to a constant weight and dry weights were recorded.
PROC NLIN in SAS was used to perform non-linear regression analysis for the biologically effective dose of the isoxaflutole plus metribuzin combination for control, density, and dry weight. The exponential to maximum curve
was used for the analysis of the control ratings, while the inverse of the exponential to maximum
was used for the analysis of density and dry weight. The variable a is the lower asymptote or origin value, b is the change in Y from the intercept, and c is the slope at the point of inflection. Effective dose (ED) was calculated using the equation of the curve. PROC MIXED was used to compare the commercial treatments with the proposed high-label dose of isoxaflutole plus metribuzin tank mix (105 + 420 g a.i. ha 1 ). Only one dose of the isoxaflutole plus metribuzin tank mix was included in the comparison analysis due to limited degrees of freedom remaining after the dose response and Colby's analysis of treatments (outlined below). Herbicide treatment and environment were considered to be fixed effects, while replication and location by treatment were treated as random effects. The significance of the random effects was tested using the Z test. The interaction between fixed and random effects was also tested using the Z test. The F test was used to test the significance of the fixed effects. When the COVTEST option of PROC MIXED indicated that there was no location by treatment interaction (Pr-Z > 0.05), locations were combined for analysis. If the Pr-Z value was significant, environments were regrouped to form the largest groups possible with non-significant Pr-Z values in the covariance test, and the analysis was reconducted. Error terms were checked for independence and homogeneity using residual plots. The UNIVARIATE procedure was used to generate the Shapiro-Wilk's statistic to test for normality. When transforming the data (natural logarithm, square root, or arcsine square root), the highest Shapiro-Wilk's statistic was used when necessary. Density data for site 5 in the dose response data was log transformed. Control ratings 56 DAA for the LSD analysis were log transformed, biomass data was arcsine square root transformed. All other analysis used non-transformed data. Fisher's protected LSD at P < 0.05 was used to separate means.
Growth room experiments
One experiment was conducted in a growth room at the University of Guelph to determine the type of interaction between glyphosate and isoxaflutole when applied on GR and glyphosate-susceptible (GS) Canada fleabane biotypes.
Greenhouse trays were filled ¾ full with potting soil mixture (PRO-MIX PGX, Premier Tech Horticulture, Rivére-du-Loup, QC, Canada). The soil was moistened and seeds were spread onto the wet soil. Upon germination, single plants were transplanted into a 10 cm diameter pot. Seedlings were watered and placed in a growth room with a photoperiod of 16 h, a daytime temperature of 25°C, and a nighttime temperature of 20°C. Plants picked for the experiment were as uniform as possible targeting 10 cm diameter rosettes. All plants were watered daily with a solution containing 20:20:20 (N:P: K) fertilizer at 1.5 g L 1 . The experiment was designed as a two factor factorial experiment with four replicates and was repeated twice in time. The two factors examined were six doses of glyphosate and six doses of isoxaflutole. Glyphosate doses used for the susceptible biotype were 0, 28.25, 56.25, 112.5, 225 , and 450 g a.e. ha 1 and for the resistant biotype were 0, 225, 450, 900, 1800, and 3600 g a.e. ha 1 . The doses of isoxaflutole evaluated were 0, 6.5, 13, 26.25, 52.5, and 105 g a.i. ha 1 for both biotypes. Herbicide solutions were applied in a spray chamber set to deliver 210 L ha 1 at 275 kPa.
Canada fleabane plants were cut at the soil surface at 28 DAA, dried at 60°C to a constant weight, and the dry weight was recorded.
Greenhouse experiments
Two experiments were conducted in the greenhouse at the University of Guelph Ridgetown Campus to determine the interaction between metribuzin, isoxaflutole, and glyphosate on a GR Canada fleabane biotype. The experiments were conducted as a two factor factorial experiment with four replicates and each experiment was repeated twice in time.
Greenhouse trays were filled ¾ full with potting soil mixture (Sunshine Professional Growing Mix). The soil was moistened and seeds were spread on the wet soil. Upon germination, single plants were transplanted into 10 cm diameter pots. Seedlings were watered and placed in a greenhouse with a photoperiod of 16 h, a daytime temperature of 25°C, and a nighttime temperature of 18°C. Plants picked for the experiment were as uniform as possible targeting the 10 cm in diameter.
Experiment 
Analysis of growth room and greenhouse experiments
The statistical method used to analyze the growth room and greenhouse experiments was developed by Flint et al. (1988) , which is an adaptation of Colby's method (Colby 1967) for analyzing synergistic and antagonistic response of herbicide mixes.
Data was transformed to logarithms and then estimates and significance tests of all 2 by 2 interaction contrasts in the form of
where i and j are non-zero doses of herbicides A and B, respectively, and u is the parametric mean of the transformed data (Flint et al. 1988) . If I ij < 0, synergism is implied, whereas if I ij > 0 antagonism is implied.
Results and Discussion
Biologically effective dose of isoxaflutole and metribuzin combination
The zero dose treatment (glyphosate at 900 g a.e. ha 1 ) did not provide acceptable control of the GR Canada fleabane biotype used in these experiments. This is consistent with previous experiments with GR Canada fleabane (Byker et al. 2013a) . At 4 WAA, the estimated dose of isoxaflutole plus metribuzin required to achieve 50% control was between 128 and 216 g a.i. ha 1 , while 80% control was attained at doses between 303 and 551 g a.i. ha 1 (Table 2) ) provided variable control of GR Canada fleabane ranging from 27 to 97% in corn.
At 8 WAA, the estimated dose of isoxaflutole plus metribuzin required to reduce GR Canada fleabane density by 50% ranged from 41 (S5 = Site 5) to 124 (S3, S4) to 179 g a.i. ha 1 (S1, S2) ( Table 2 ). The estimated doses to reduce density by 80% were 96, 280 and 423 g a.i. ha 1 for S5 and S3/S4 and S1/S2, respectively. At 8 WAA, the required doses to reduce GR Canada fleabane biomass followed the same pattern as density. At S1 and S2, the estimated doses for a 50, 80, and 95% reduction in biomass were 310, 738, and 1386 g a.i. ha 1 , respectively.
In contrast, at S3, S4, and S5, the estimated doses for a 50, 80, and 95% reduction in biomass were 225, 498, and 912 g a.i. ha 1 , respectively (Table 2) .
When evaluated 4 WAA, the mixture of isoxaflutole plus metribuzin provided the same level of control as metribuzin alone, flumetsulam or saflufenacil at sites 1 and 2 (Table 3) . At sites 3, 4, and 5 the mixture provided the same level of control as metribuzin and saflufenacil and it was much higher than flumetsulam (Table 3) . Note: Weedy check was left out of the control comparison and weed-free treatment was left out of the density and biomass comparison because of available degrees of freedom after other analyses only 5 comparisons could be made.
z Means followed by the same letter in italic type within a column are not significantly different according to Fisher's protected LSD at P < 0.05. At 8 WAA at all sites, the mixture of isoxaflutole plus metribuzin and metribuzin alone was as effective as saflufenacil and more effective than flumetsulam. At 8 WAA, metribuzin and isoxaflutole plus metribuzin reduced GR Canada fleabane density 97 and 98%, respectively, which was equivalent to the weed-free control (Table 3) . Similarly, at 8 WAA, metribuzin and isoxaflutole plus metribuzin reduced GR Canada fleabane biomass 87 and 94%, respectively, which was equivalent to the weed-free control (Table 3) . Saflufenacil reduced GR Canada fleabane density and biomass 89 and 66%, respectively, which was equivalent to metribuzin and isoxaflutole plus metribuzin. At 8 WAA, flumetsulam provided only 29% control of GR Canada fleabane and reduced GR Canada fleabane density and biomass 69 and 50%, respectively. To classify the response of a herbicide tank mix using Flint's adaptation of Colby's method, each herbicide must be applied alone at the dose included in the tank mix (Flint et al. 1988 Table 4 . When evaluated using visible injury, all combinations of isoxaflutole plus metribuzin were synergistic with the exception of the treatment at 79 + 316 g a.i. ha 1 at sites 1 and 2 at 8 WAA (Table 4) . In this case, the response indicates additive action of the two herbicides. This synergism between isoxaflutole and metribuzin is similar to the interaction documented before between isoxaflutole and atrazine, another triazine herbicide (Woodyard et al. 2009 ). The medium and high dose of the tank mix for dry weight reduction indicates a synergistic response at S3, S4, and S5, whereas the low dose at those sites and all doses at S1 and S2 are non-significant or considered additive. The combination of isoxaflutole plus metribuzin provides greater control than the equivalent doses used in the tank mix applied alone. Also, as stated above, the field trials were conducted without crop; thus, experiments conducted with crop competition and canopy closure have the potential to increase weed control (Knezevic et al. 2003) .
Growth room experiments
The two factor factorial trials performed in the growth room assessed the response of glyphosate and isoxaflutole tank mixes on GS and GR Canada fleabane biotypes. Estimates from the analysis of the biomass of GS Canada fleabane at 28 DAA are found in Table 5 . Two treatments out of 25 tank mix treatments indicate antagonism, whereas all other treatments indicate an additive response. Analysis of treatments in GR Canada fleabane using glyphosate doses 225, 450, 900, 1800, and 3600 g a.e. ha 1 indicate antagonism in 11 treatments as shown in Table 5 . The antagonism appears in the field dose range of isoxaflutole (26 to 105 g a.i. ha 1 ) at both 900 and 1800 g a.e. ha 1 of glyphosate. The level of antagonism decreases when the glyphosate dose is increased to 3600 g a.e. ha 1 , which is similar to other studies evaluating glyphosate plus metribuzin tank mix antagonism (Selleck and Baird 1981) . Antagonism declines as the glyphosate dose increases, although the doses at which this occurs are well beyond commercial field doses.
Greenhouse experiments
Two factor factorial trials were performed in the greenhouse to assess GR Canada fleabane control in response to isoxaflutole plus metribuzin in combination with a constant glyphosate dose. Estimates from Flint's analysis for control ratings at 7 DAA show that all tank mix treatments are negative indicating synergism between isoxaflutole and metribuzin (Table 6 ). Similarly, the two factor factorial trial analyzing increasing glyphosate doses versus increasing isoxaflutole plus metribuzin mix in a 1:4 ratio also show all tank mixed treatments as synergistic at 7 DAA (Table 7) . As previously stated, the isoxaflutole plus metribuzin tank mix shows synergism similar to other tank mixes of Group 5 and Group 27 herbicides (Hugie et al. 2008; Woodyard et al. 2009 ). Increasing doses of glyphosate does not affect the observed synergism. All tank mixed treatments of both experiments had doses at which nearly all plants were dead at the end of the experiment (Tables 6 and 7) . When the dry weights were analyzed using Flint's adaption (Flint et al. 1988) , expected values estimated are not biologically achievable. Plant biomass cannot have a negative value. This results in a statistical output indicating false antagonism similar to experiments involving high dose combinations in other studies (Hugie et al. 2008) .
This study concludes that there is a synergistic interaction between isoxaflutole and metribuzin for the control of GR Canada fleabane. In addition, the use of isoxaflutole plus metribuzin in 'Balance GT' soybean will provide soybean producers with an additional option for the control of GR Canada fleabane. Field crop producers are encouraged to utilize 'Balance GT' soybean in a diverse, integrated crop management system. This will ensure the long-term utility of this technology and reduce the selection intensity for herbicide-resistant weed biotypes.
